Glucose counter-regulation during insulin-induced hypoglycaemia was studied in Type 1 diabetic patients without evidence of autonomic neuropathy and compared with that of a non-diabetic control group. The glucose recovery rate following hypoglycaemia was delayed in the diabetic compared with the control subjects and this was most pronounced for the initial, rapid phase of glucose increase (glucose increase in t5min, control: 1.1+0.1 versus 0.4+ 0A mmol/1; p < 0.01). The release of glucagon during hypoglycaemia was blunted in the diabetic patients (maximal plasma levels, control: 148+25 versus 70+10pg/ml; p< 0.01). The adrenaline levels were also lower compared with the control subjects (maximal plasma levels, control: 7.23 + 1.21 versus 3.27 + 0.87 nmol/1; p < 0.05). To evaluate the importance of the blunted glucagon response for the delayed glucose compensation, glucagon was infused during the hypoglycaemia. Overall glucose recovery rate was improved but did not return to normal. Consequently impaired glucagon release in the diabetic patients cannot alone explain impaired glucoregulation; the lower adrenaline levels and/or an effect of the previous glucose levels per se on hepatic glucose production are probably also of importance.
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A reduced glucose recovery rate following hypoglycaemia in Type I (insulin-dependent) diabetic patients, even in the absence of a demonstrable neuropathy, was first reported by Lager et al. [1] and has subsequently been confirmed by several investigators [2, 3] . The mechanisms for the delayed glucose compensation in diabetes are unclear. Decreased insulin clearance could be of importance [4] , as well as the elevated blood glucose levels per se, in influencing hepatic glucose production [5] . Glucagon [6] and catecholamines [7, 8] have been ascribed a primary role in counteracting insulininduced hypoglycaemia. Cortisol and growth hormone, however, do not appear to play a major role in glucose compensation [6, 9] . Most investigators agree that glucagon release during hypoglycaemia is blunted in Type a diabetes [10] [11] [12] [13] , while catecholamine release has been reported to be similar to that of normal subjects in some [4, 14] but not all [10, 15] studies.
To evaluate the importance of glucagon, Type 1 diabetic patients were rendered hypoglycaemic and either glucagon or saline was infused during hypoglycaemia. The glucose recovery rate thus obtained was compared to that seen in an age-and weight-matched control group studied under the same conditions.
Patients and methods

Patients
Seven patients with Type 1 diabetes (mean age 29 years, 82%-114% of ideal body weight) with a duration of diabetes ranging from 6 to 13 years (mean 9 years), and six age-and weight-matched control subjects (mean age 27 years, 89%-102% of ideal body weight) were studied during insulin-induced hypoglycaemia. Informed consent was obtained from all subjects and the study was approved by the hospital Ethical Committee. The patients were recruited from the Diabetic Outpatient Clinic and were considered to be well regulated on a combination of intermediate-and short-acting insulin two or three times daily (Insulin Monotard and Actrapid, Novo, Denmark; Insulatard and Velosulin, Nordisk, Denmark). Glycosylated haemoglobin (HbA 0 levels were between 7.1% and 10.1% (mean 8.6%). Further clinical details are shown in Table 1 . None of the patients was on any medication other than insulin. The patients had no clinical or laboratory evidence of autonomic neuropathy. The presence of autonomic neuropathy was evaluated with the immediate heart-rate response to standing [16] and the heart-rate variation during deep breathing [17] ; all were normal.
Methods
Hypoglycaemia was induced after an overnight fast. The diabetic patients took their regular insulin dose the day before but not on the morning of the study. Hypoglycaemia was induced twice in each pat- ient with at least 1 week between studies. Insulin (Actrapid, 0.15 U. kg 1. h-a) was infused into an antecubital vein. Blood samples were collected from the contralateral arm. Blood glucose levels were followed every 5 rain with a reflectometer (Reflomat, Clinicon International, Mannheim, FRG). When a glucose level of 2.0 mmol/1 was reached, the insulin infusion was stopped. Thereafter glucose levels were followed every 5 min to determine the glucose nadir. Blood samples for the determination of blood glucose levels by a glucose oxidase technique (Kabi Diagnostics, Stockholm, Sweden) were collected before the insulin infusion, when the insulin infusion was stopped, at the glucose nadir (determined by reflectometer) and during the recovery period. Blood glucose levels shown hereafter are those obtained by the glucose oxidase technique. When the insulin infusion was stopped, an IV infusion of either saline (154mmol/1) or glucagon (Novo) was started in the diabetic patients. The glucagon infusion was commenced with an exponentially decreasing dose of 19 ng.kg -1 .min -1 during the first 10 min followed by a constant infusion of 6 ng. kg 1. min-a throughout the study period. The order of administration of either saline or glucagon was randomly determined.
Blood samples were drawn for subsequent analyses of blood glucose, insulin, catecholamines and glucagon before the insulin infusions, at glucose nadir and at the indicated times after nadir.
Hypoglycaemia was induced once in the control subjects. The same procedures were followed as during the saline infusion in the diabetic patients.
Insulin was determined by radioimmunoassay using Phadeseph insulin-test (Pharmacia, Uppsala, Sweden) both in untreated sera from the control subjects and in the supernatant of polyethyleneglycol treated sera from diabetic subjects [18] . The insulin values from the control subjects were converted to free insulin values according to the method of Kizuya et al. [18] (r = 0.992). The intra-assay coefficient of variation at levels below 20.5 mU/1 was 22.1%, at 21-70.5 mU/1, 4.7%, and above 71 mU/1, 2.8%. The inter-assay coefficient of variation was 8.4% at 36 mU/1.
Glucagon was assayed with antiserum E7 [19] . This antiserum, which recognized the carboxy-terminal region of glucagon, has been characterized with antiserum 30 K as reference [20] . Catecholamines were determined with an isotope technique [21] .
Statistical analys&
Data are shown as mean+ SEM. Statistical analyses included Student's t-test for paired or unpaired data, respectively, and linear regression analysis.
Results
Glucose levels
The fasting glucose levels immediately before the insulin infusion were similar on both occasions in the diabetic patients, but they were significantly higher than in the control subjects (control: 4.2 + 0A ; diabetic (saline): 6.7 + 0.9; diabetic (glucagon): 8.7 _+ 1.0 mmol/1; p < 0.01). The total insulin infusion time required to reach hypoglycaemia was longer in the diabetic compared with the control subjects (control: 35 _+ 4; diabetic (saline): 63 + 10 min; p < 0.01). The insulin infusion time was also longer in the diabetic patients during glucagon infusion than during saline infusion (diabetic (glucagon): 84 + 11 min); however, the difference was not significant. The glucose levels when the insulin infusion was discontinued were similar in both the control and diabetic groups (control: 1.6+0.1, diabetic (saline): 1.7 + 0.2, diabetic (glucagon): 1.9 + 0.3 mmol/1). After stopping the insulin infusion the glucose levels showed a slight and transient decrease in the control and a more marked decrease in the diabetic group receiving saline infusion (Fig.l) . The lowest glucose levels were also seen later in the diabetic group (control: 1.5+ 0.1 mmol/1 after 13 _+1 min, diabetic (saline): 1.3 _+ Fig.l . Glucose levels in control subjects (O----Q) and diabetic patients during infusion of saline ( 9 9 or during glucagon infusion ( 9 ..... 9 Results are mean + SEM; -k p < 0.05, -k -k p < 0.01 for control versus diabetic subjects receiving saline; ~ p < 0.05 for control versus diabetic subjects receiving glucagon Time(rain) Fig.2 . Plasma levels of free insulin in control (0-----0) and diabetic subjects receiving saline (A---A) and glucagon infusion ( 9 ---9 ). Results are mean + SEM; -k p < 0.05 for control and diabetic subjects receiving saline and glucagon. N = glucose nadir 0.1 mmol/1 after 22 + 2 min). However glucose levels in the diabetic patients receiving glucagon infusion did not decrease further after stopping the insulin infusion, but remained unchanged (1.9 + 0.2 mmol/1 after 19 + 3 min). The lowest glucose levels measured were therefore higher in this group than in control subjects (p < 0.05; Fig. 1 ). After reaching the nadir the initial glucose increase was rapid in the control subjects but significantly slower in the diabetic group (increase in 15 min, control: 1.1 + 0.1 ; diabetic (saline): 0.4 + 0.1 ; diabetic (glucagon): 0.4 + 0.2 mmol/l, p < 0.01). The glucose levels after nadir were significantly lower in the diabetic patients receiving saline but not glucagon infusion compared to the control subjects (Fig. 1) .
Free insulin levels
Fasting free insulin levels were similar in all groups (control: 14 + 4; diabetic (saline): 10 + 3; diabetic (glucagon): 14+ 5 mU/1). When the insulin infusion was stopped insulin levels were significantly higher in the control than in the diabetic subjects (control: 151 + 8; diabetic (saline): 117+14; diabetic (glucagon): 123+ 14 mU/1; p < 0.05). However, the insulin levels at glucose nadir and subsequently during the compensatory period were not significantly different (Fig. 2) . The initial half-time of the insulin disappearance was prolonged in the diabetic patients compared with control subjects (control: 7.8 + 0.8; diabetic (saline): 13.1 + 1.2; diabetic (glucagon): 12.2 + 1.6 rain; p < 0.01). There was no correlation between the insulin levels at the time the insulin infusion was stopped or at glucose nadir and the glucose recovery rate either in the control or diabetic subjects.
Glucagon levels
Fasting glucagon levels were similar in all groups (control: 53+4; diabetic (saline): 43+4; diabetic (glucagon): 51 + 6 pg/ml). In the control subjects, a striking elevation of plasma glucagon was seen with maximal levels at glucose nadir (148 + 25 pg/ml). In the diabetic patients, however, the glucagon increase during hypoglycaemia was significantly lower with maximal plasma levels at glucose nadir of only 70 + 10 pg/ml (p < 0.01). In the glucagon infusion group high levels had already been reached by the time of glucose nadir (284+ 37pg/ml) and they remained elevated thereafter (Fig.3) .
A negative correlation was found between duration of diabetes and the maximal glucagon increase during hypoglycaemia (r = -0.73, p < 0.05; Fig. 4 ). There was however no significant correlation between the glucagon levels at glucose nadir and the glucose recovery rate, nor between the duration of diabetes and glucose compensation.
Catecholamine levels
Catecholamines were measured in the control and diabetic subjects during saline infusion. The adrenaline levels before the insulin infusion were similar (control: 0.13 + 0.02; diabetic: 0.23 + 0.07 nmol/1). Plasma adrenaline increased dramatically during hypoglycaemia with maximal levels being reached at glucose nadir both in the control and diabetic subjects (7.23 + 1.21 versus 3.27 + 0.87 nmol/1). The adrenaline levels at glucose nadir, as well as the maximal individual adrenaline increase, were significantly higher in the control than in the diabetic subjects (p < 0.025; Fig. 4 Fig. 3 . A Plasma glucagon levels in the control subjects (H) and diabetics during saline ( 9 ---9 or glucagon infusion ( 9 ---9 ). B The relationship between duration of diabetes and maximal glucagon increase during hypoglycaemia (r = -0.76, p < 0.05). Results are mean + SEM; -k p < 0.05, "k -k p < 0.01 for control and diabetic subjects receiving saline. N = glucose nadir There was no significant difference in the maximal noradrenaline increase during hypoglycaemia between control and diabetic subjects (control 1.83 + 0.52 versus 1.29 + 0.30 nmol/l). No correlation was found between the duration of diabetes and maximal catecholamine levels during hypoglycaemia, nor between the catecholamine levels at glucose nadir and the recovery rate.
A delayed spontaneous glucose recovery rate following hypoglycaemia in the diabetic patients compared with control subjects was confirmed in this study [1-3, 5, 22] . The aim was to evaluate whether the blunted glucagon response regularly found in Type 1 diabetes during hypoglycaemia [10-12, 23, 24] could, by itself, explain the delayed glucose compensation previously suggested from studies in healthy subjects [6] . The glucose recovery rate was indeed improved, but did not return to normal, following the infusion of glucagon in the diabetic subjects. Our data are in conflict with those in the recent report by Bolli et al. [25] ; in that study glucagon was also infused in Type 1 diabetic subjects following insulininduced hypoglycaemia. In contrast to our findings, Bolli et al. [25] concluded that glucagon infusion completely normalized the glucose recovery following insulin-induced hypoglycaemia. This discrepancy can probably be explained by the differences in experimental design. The insulin infusion time to produce hypoglycaemia used by Bolli et al. was fixed irrespective of the blood glucose levels [25] ; it is therefore difficult to compare directly with the present study. The higher peripheral glucagon levels reached in that study [25] and the start of the glucagon infusion at a higher blood glucose level than in the present study also make comparisons difficult.
The glucagon release during hypoglycaemia does not seem to be dependent on adrenergic [26] [27] [28] [29] [30] or cholinergic [29, 30] stimulation but rather on the blood glucose level per se. The blunted glucagon response to hypoglycaemia in Type 1 diabetic patients found in the present and other studies [10] [11] [12] [13] is therefore probably due to a defect in the A-cell glucoreceptor. This defect seems to be progressive as a negative correlation between diabetes duration and maximal glucagon response to hypoglycaemia exists [25, 31] .
The lower adrenaline levels found in the present study in the diabetics during hypoglycaemia have also been found previously in some [15, 32] , but not all [4] , reports. Release of adrenaline during hypoglycaemia is under the control of the central nervous system [33] . As previously pointed out, no evidence of autonomic neuropathy was found in the diabetics with the tests used and, in support of this, the maximal noradrenaline increase during hypoglycaemia was not significantly different between the control and diabetic subjects. The impaired release of adrenaline in the diabetics could therefore be due to an altered sensitivity of the glucoreceptors of the central nervous system.
The glucagon levels at glucose nadir following glucagon infusion were probably within the physiological range in the portal vein as the portal-peripheral glucagon ratio is about 1.7 [34, 35] . Subsequently however, the glucagon levels were higher in the diabetic patients than in the normal subjects. An immediate effect of the glucagon infusion in the diabetic patients is evident as the glucose levels did not decrease further after the insulin infusion had been stopped in contrast to the situation with the saline infusion. Infusion of glucagon increased the overall rate of glucose recovery but did not completely restore the initial rate of glucose compensation. This could be due to an inhibitory effect of the elevated blood glucose levels per se on hepatic glucose production [5] , as the patients were not optimally treated but remained on their regular treatment regimen until the studies. Another contributing factor could be the impaired adrenaline response as catecholamines appear essential for glucose production during insulin-induced hypoglycaemia, even when the release of glucagon is normal [36] .
A delayed insulin clearance has been found in diabetic patients with insulin antibodies [25] and this could consequently be of importance for the glucose compensation. The initial half-time of insulin disappearance after the end of the insulin infusion was prolonged in the diabetic compared with the controls. However the levels of free insulin at glucose nadir, and subsequently during the compensatory period, were similar in the two groups. Thus the occurrence of insulin antibodies does not seem to be of any importance for delayed glucose recovery with the present experimental design. Additionally, no correlation was found between the insulin infusion time and the glucose recovery rate; this argues against a significant effect of the length of the insulin infusion on glucose compensation.
In conclusion, the present study shows the importance of a blunted glucagon response for delayed glucose compensation following hypoglycaemia in Type 1 diabetic patients as also recently reported [24, 25] . The impaired release of glucagon alone could not, however, explain the impaired glucoregulation: the concomitant reduction of adrenaline release and/or an effect of elevated blood glucose levels in the diabetic patients appear to be of importance as well.
